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Defect structures on epitaxial Fe3O4„111… films

Sh. K. Shaikhutdinov,* M. Ritter, X.-G. Wang, H. Over, and W. Weiss†

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
~Received 26 May 1999!

Epitaxial Fe3O4~111! films were grown onto a Pt~111! substrate by repeated cycles of iron deposition and
subsequent oxidation in 1026 mbar oxygen. A previous low energy electron diffraction~LEED! intensity
analysis revealed the regular Fe3O4~111! surface to expose14 monolayer Fe atoms over a close-packed oxygen
layer underneath. With scanning tunneling microscopy~STM! a hexagonal lattice of protrusions with a 6 Å
periodicity is observed. The protrusions are assigned to the topmost layer Fe atoms, which agrees with the
dominating Fe3d electron density of states near the Fermi level related to these surface atoms, as revealed by
ab initio spin-density-functional theory calculations. The most abundant type of point defects observed by
STM are attributed to iron vacancies in the topmost layer, which was confirmed by LEED intensity calculations
where different types of vacancy defects have been simulated. For oxidation temperatures around 870 K the
regular Fe3O4~111! surface coexists with several different surface structures covering about 5% of the films,
which expose3

4 ML iron atoms or close-packed iron and oxygen layers, resulting in surface domains that are
FeO~111! and Fe3O4~111! in nature. These domains are arranged periodically on the surface and form ordered
biphase superstructures. At 1000 K oxidation temperature they vanish and only the regular Fe3O4~111! surface
remains.@S0163-1829~99!07539-6#
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I. INTRODUCTION

The relevance of metal oxides for technological appli
tions like heterogeneous catalysis and others is promp
growing interest in investigating these materials. In this c
text, the preparation of thin epitaxial oxide films has beco
very important. They can be investigated by standard sur
science techniques without facing a number of experime
problems encountered with single-crystal samples.1 Regard-
ing the catalytic properties of metal oxides, thin oxide film
with defined surface structures and chemical compositi
allow to investigate structure-reactivity correlations in a s
tematic manner.2 However, the preparation of defined oxid
surfaces is difficult and critically depends on preparation
rameters like oxidation temperature and oxygen par
pressure.3 A recent systematic investigation revealed Fe- a
O-terminated surface structures to coexist on epita
a-Fe2O3~0001! films prepared in a wide range of oxygen g
pressures,4 until at 1 mbar oxygen pressure the O-termina
surface dominates as predicted by recentab initio
calculations.5 Thus, the formation and possible coexisten
of different surface structures always has to be taken
account. Furthermore, atomic surface defects can domi
the catalytic properties rather than the well-ordered surf
areas, as was shown for example for the dehydrogenatio
ethylbenzene to styrene over Fe-terminateda-Fe2O3~0001!
model catalyst surfaces.6 Therefore, the identification an
characterization of surface defects is crucial in order to co
prehend the catalytic properties of metal-oxide surfac
With scanning tunneling microscopy~STM! it is possible to
image coexisting surface structures as well as local defe
However, the assignment of image contrasts to atomic s
cies needs additional information, in particular for compou
materials like metal oxides, which contain several eleme
species. Such additional information can be provided for
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stance by low energy electron diffraction~LEED! and ab
initio calculations.

Previous STM studies performed on natural Fe3O4~111!
single-crystal samples prepared in 1026 mbar oxygen re-
vealed the coexistence of two different surface termination7

One was attributed to an unreconstructed~111! termination
of Fe3O4 that exposes14 monolayer~ML ! of O atoms over34
ML of Fe atoms, the other to an unreconstructed~111! ter-
mination that exposes12 ML of iron atoms over a close-
packed oxygen layer. On surfaces prepared under more
ducing conditions, i.e., brief annealing in high vacuu
without oxygen, coexisting FeO~111! and Fe3O4~111! sur-
face domains formed ordered superstructures.8 This phenom-
enon was called biphase ordering, which for the first tim
was observed ona-Fe2O3~0001! single-crystal surfaces pre
pared in 1026 mbar oxygen. Here, FeO~111! and
a-Fe2O3~0001! patches formed long-range superstructures
a result of the reducing preparation conditions for the Fe2O3
oxide phase.9

In this paper, we focus on surface defect structures
form on well-ordered epitaxial Fe3O4~111! films grown onto
Pt~111! substrates. One single regular surface structure
observed after oxidation at 1000 K in 1026 mbar oxygen,
whose atomic geometry was determined in a LEED inten
analysis.10 Based on the LEED analysis result and onab
initio calculations the protrusions observed in atomic reso
tion STM images of this surface can be assigned to topm
layer Fe atoms, as discussed in Sec. III A. The dominant t
of point defect observed by STM appears as missing pro
sion and is assigned to surface Fe vacancies, which als
confirmed by dynamical LEED calculations. In Sec. III
STM images of ordered biphase structures that consis
Fe3O4~111! and FeO~111! surface domains are presente
They form at oxidation temperatures around 870 K and r
resent minority defect structures that cover about 5% of
entire sample. Based on the STM data models for th
11 062 ©1999 The American Physical Society
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FIG. 1. Slightly tilted side view~a! and top view~b! of the Fe3O4~111! surface structure as determined by the LEED intensity analy
On the left side the~111! layer sequence with tetrahedrally coordinated Fetet1 or Fetet2 atoms, with octahedrally coordinated Feoct1 or Feoct2

atoms, and with O1 and O2 layers is indicated. In~b! the surface unit cell with a lattice constant of 5.94 Å and the two symmetric
inequivalent oxygen atoms Oa and Ob are indicated. In the side view the ionic radii are reduced by a factor of 0.5, the top view is drawn
the full ionic sizes.
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structures are proposed, and a comparison to similar bip
structures observed on Fe3O4~111! single crystal samples i
made.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu
~UHV! system described in detail elsewhere.11 It had a base
pressure of less than 1310210mbar and was equiped with
STM, a backview LEED optics, an Auger electron spectro
eter ~AES!, and standard facilities for sample cleaning. T
Pt~111! surface was cleaned by repeated cycles of ar
sputtering and annealing to 1300 K, until it exhibited a sh
(131) LEED pattern and no contamination signals in t
Auger electron spectra. The preparation and growth of
epitaxial Fe3O4~111! films is described in detail in Ref. 12
Briefly, iron was deposited by an electron beam-assis
evaporator onto the platinum substrate kept close to ro
temperature, followed by oxidation for two minutes
1026 mbar oxygen at 1000 K. This produces a well-order
FeO~111! monolayer film, which can be identified by it
characteristic LEED pattern.12 The oxygen in the UHV
chamber is pumped off after the sample temperature f
below about 700 K. When the first FeO~111! monolayer has
formed the oxidation temperature was decreased to 870
and after numerous deposition-oxidation cycles Fe3O4~111!
multilayer films at least 100 Å thick were obtained. The
films exhibited LEED patterns with sharp spots and no A
contamination signals. Final annealing treatments were
formed for 5 min in 1026 mbar oxygen at 870–1000 K.

The STM measurements were made at room tempera
in the constant-current mode. Tungsten tips were etc
electrochemically in three-molar NaOH solution and clean
by electron bombardment under UHV conditions. Image p
cessing of the experimental data included background s
traction and smoothing procedures. LEED intensi
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voltage~I-V ! curves were measured under normal inciden
at T'120 K sample temperature. The diffraction patter
were recorded with a charge coupled device camera
stored onto a computer, then the I-V curves were extrac
with software programs developed at the Fritz-Haber Insti

III. RESULTS AND DISCUSSION

Fe3O4 magnetite crystallizes in the cubic inverse spin
structure, where the oxygen anions form a close-packed
sublattice with tetrahedrally and octahedrally coordina
Fe21 and Fe31 cations located in the interstitial sites.13 Fig-
ure 1 depicts side and top views of the Fe3O4~111! surface
structure determined by the LEED intensity analysis.10 The
hexagonal close-packed oxygen~111! layers form a cubic
ABCABC... stacking sequence along the@111# direction, the
interatomic distance within these planes is 2.96 Å. Two d
ferent oxygen atom positions exist with respect to thep3m1
symmetry of the Fe3O4~111! surface, which are labeled Oa
and Ob in the top view of Fig. 1~b!. Between the oxygen
planes ~111! planes tetrahedrally and octahedrally coor
nated Fe atoms are located. Since not all possible sites
occupied within these Fe~111! planes, two-dimensional hex
agonal unit cells with a lattice constant of 5.92 Å are forme
Six ideal bulk terminations can be obtained by cutting t
spinel ~111! stacking sequence, which are indicated by t
letters on the left side of Fig. 1~a!. Defining the atom density
of a close-packed oxygen layer as 1 ML, these terminati
can expose1

4 ML of tetrahedrally coordinated Fetet1 or Fetet2
atoms,3

4 ML of octahedrally coordinated Feoct1 or Feoct2 at-
oms, or close packed O1 or O2 layers. The distance betwee
two equivalent Fe3O4~111! terminations is 4.85 Å.

A. Regular Fe3O4„111… surface structure

The dynamical LEED intensity analysis revealed t
regular Fe3O4~111! surface to form an unreconstructed bu
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FIG. 2. ~a! 300033000 Å2 STM image showing the characteristic morphology of the Fe3O4~111! films. Atomically flat terraces up to
1000 Å wide are separated by atomic steps;5 Å high.Ut51.4 V, I t50.8 nA. ~b! 90390 Å2 STM image of the regular Fe3O4~111! surface.
Protrusions form a hexagonal lattice with a 6 Åperiodicity. They are attributed to the topmost layer Fetet1 atoms@see Fig. 1~b!#, the missing
protrusions to Fetet1 vacancies.Ut520.9 V, Jt50.5 nA.
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termination that exposes14 ML of Fetet1 atoms over a close
packed oxygen layer underneath. It can be described by
layer sequence Fetet12O12Feoct12O22Fetet22Feoct22¯ .
Numerical comparison of the I-V curves calculated for t
best-fit structure depicted in Fig. 1 and I-V curves taken fr
an Fe3O4~111! film with a low-surface defect concentratio
results in a Pendry-R factor of 0.20 for a total energy rang
of 1300 eV. Strong relaxations of the upper four interlay
distances were found. The first two interlayer distances
contracted by 41 and 26% , the third one is expanded by 1
and the forth one is contracted by 11%. These relaxati
stabilize the polar Fe3O4~111! termination by considerably
changing the electron density of states at the surface.10 This
regular structure is formed on the entire surface of films p
pared by oxidation atT51000 K, several additional minority
structures coexist for oxidation temperatures around 87
as will be discussed in Sec. III B. On all films we observe
same hexagonal LEED pattern~not shown here!. It corre-
sponds to a surface unit cell with a lattice constant of'6 Å,
which is formed by the topmost Fetet1 atoms as depicted in
Fig. 1~b!.

Figure 2~a! shows a 300033000 Å STM image that de
picts the characteristic film morphology. Atomically flat te
races up to 1000 Å in size can be seen, which are separ
by steps oriented along the main crystallographic directi
on the ~111! plane. All steps are 4.8 Å high, which corre
sponds to the distance between equivalent Fe3O4~111! sur-
face terminations. On a length scale of 1mm the vertical
roughness ranges around 50 Å and mainly depends on
substrate morphology. Some screw dislocations are obse
on the films ~not shown here!. Figure 2~b! shows a 90
390 Å atomic resolution STM image of the regul
Fe3O4~111! surface. A hexagonal lattice of protrusions with
6 Å periodicity and a corrugation amplitude of about 1 Å can
be seen, as well as randomly distributed point defects
appear as missing protrusions. They represent the domi
type of surface point defects we observed on all films, a
their concentration varies from film to film. The same ch
acteristic hexagonal lattice of protrusions with randomly d
tributed vacancy defects is observed for both positive
he
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negative tunneling bias voltages with magnitudes betw
0.3 and 1.5 V, without significant changes in the image c
trast.

An assignment of the atomic features in these STM i
ages to surface atoms needs additional information.
Fe3O4~111! surface structure determined by the LEED ana
sis depicted in Fig. 1 strongly suggests that the STM pro
sions correspond to the positions of the Fetet1 cations in the
topmost layer, since they form the same hexagonal sur
lattice with a 6 Å periodicity. This interpretation is furthe
substantiated byab initio spin-density-functional theory cal
culations performed for this particular surface termination
Fe3O4.

5 These calculations revealed interlayer relaxatio
along the same directions as obtained from the LEED an
sis, which will be published elsewhere. The electron den
of states~DOS! at the surface was calculated for the relax
Fe3O4~111! surface structure determined by the LEED ana
sis, which was found not to depend strongly on the abso
values of the interlayer relaxations. Figure 3 depicts the a
projected partial DOS of the first two atom layers. It can
seen that the dominant contribution is related to Fe3d orbit-
als of the topmost Fetet1 atoms, which create two sharp DO
maxima located just above and below the Fermi level. The
fore, this result also indicates that the STM protrusions c
respond to the Fetet1 atom positions, and it explains the bia
independence of the STM images. The surface DOS con
erably differs from the one in bulk Fe3O4, as observed for
many metal oxides.14 The ionic bond character decreases a
the bonds become more covalent at the surface,15,16 which
stabilizes the polar Fe3O4~111! surface termination as dis
cussed in Ref. 10.

The assignment of the STM protrusions to topmost la
Fetet1 atoms suggests the dominating type of point defe
which is imaged as a missing protrusion, to correspond t
missing Fetet1 atom on the surface. Missing surface atom
can be approximated in LEED intensity calculations with t
averagedt-matrix approach~ATA !.17 The introduction of a
term c•t (c5concentration of the atomic species, 0<c
<1; t5atomic scattering matrix! allows to simulate variable
concentrations of any atomic species randomly distributed
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PRB 60 11 065DEFECT STRUCTURES ON EPITAXIAL Fe3O4~111! FILMS
the surface lattice sites. As mentioned above these de
occur in varying concentrations on different films, which o
fers the possibility to identify them via a LEED intensi
analysis of a high-defect-density data set. Figure 4 sh
two experimental I-V curve data sets taken from films w
high- and low-surface defect concentrations, as dedu
from STM measurements prior to the data aquisition. From
visual inspection these I-V curves look quite different.
quantitative comparison between the two experimental d
sets reveals a Pendry-R factor of RP50.19, which indicates
some significant differences in the corresponding surf
structures. However, both data sets lead to identical bes
structures for the Fe3O4~111! surface~within the margins of
error! when performing a structure analysis with the two e
perimental LEED I-V data sets, where the low-defect dens
data set reveals a lowerR factor than the high-defect-densit
data set. Therefore, we assign the differences in the
curves to the different defect concentrations of the two fi
surfaces, as observed by STM.

For simulating the two LEED I-V data sets in Fig. 4 w
tested different types of surface vacancies and varied t
concentrations from 0% up to 50% in steps of 10%. Remo
of Oa atoms~cf. model in Fig. 1! always increasedRP for the

FIG. 3. Atom projected partial electron density of states for
first two atom layers of the Fe3O4~111! surface termination depicte
in Fig. 1, obtained fromab initio spin-density-functional theory
calculations. Near the Fermi levelEF the DOS is dominated by 3d
states related to Fetet1 surface atoms, 2p states related to the two
symmetrically inequivalent Oa and Ob atoms dominate at binding
energies below24 eV.
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high-defect-density data set. Only a negligible improvem
of the Pendry-R factor was achieved after removing a to
most layer Fetet1 atom together with the three Ob atoms un-
derneath. In contrast,RP decreased upon removing the to
most Fetet1 atoms. The maximal improvement ofRP was
15% for a defect concentration of 30%. No improvement
RP for the low-defect-density data set was achieved wh
considering these defects in the LEED intensity calculatio
Altogether, the simulation of defects as missing Fetet1 atoms
improved the fit with the high-defect-density data set, wh
the introduction of oxygen vacancies increased the PendR
factor. This result further corroborates the assignment of
protrusions in the STM images to the positions of topm
layer Fetet1 atoms and the dominating type of surface po
defect to Fetet1 vacancies.

B. Biphase structures on Fe3O4„111…

A number of structures with short-range periodicities o
and 6 Å were formed after preparation at lower temperatu
of 870 K. They differ from the regular Fe3O4~111! surface
structure and are arranged in patches that form long-ra
superstructures as shown in Fig. 5~a! These superstructur
islands have lateral sizes of 100–500 Å, they are rando
distributed on the surface and cover less than 5% ther
Three characteristic structural arrangements are obse
within these regions.

Structure 1

The lower part of Fig. 5~b! shows the regular Fe3O4~111!
surface exhibiting the hexagonal lattice of protrusions wit
6 Å periodicity. In the upper part a long-range superstruct
is formed by three distinct regions labeleda, b, andg. The
hexagonal superstructure cell has a lattice constant of 4
and is aligned to the Fe3O4~111! surface unit cell. The pro-
trusions within thea regions are 6 Å apart from each othe

e

FIG. 4. Comparison of experimental IV curves taken fro
Fe3O4~111! films with a high-surface defect density~dashed lines!
and with a low-surface defect density~solid lines!. The agreement
of the two experimental data sets is quantified by an ove
Pendry-R factor of 0.19.
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FIG. 5. STM images of an Fe3O4~111! film prepared at 870 K in 1026 mbar oxygen.~a! 2003200 Å2 image showing an island exhibiting
a superstructure involving three different surface structures, which is surrounded by the regular Fe3O4~111! surface. Ut50.7 V, I t

50.5 nA. ~b! 1403140 Å2 image of a superstructure region. Three distinct regions labeleda, b, andg form a superstructure with a;45 Å
periodocity and aligned to the regular Fe3O4~111! surface lattice visible in the lower part of the imag
Ut50.65 V, I t51.2 nA. Below profile lines along the white lines labeledA, B, andC in the STM image are shown.~c! 55355 Å2 image
of a superstructure region. Hexagonal arranged protrusions form a 6 Å lattice in thea region. Hexagonal lattices of depressions with 3
periodicities can be seen in theb and g regions. An additional corrugation modulation creates a 6 Å unit cell in the g region. Ut

50.6 V, I t50.5 nA. ~d! Schematic model for the surface structures formed in thea, b, and g regions. In the lower part the regula
Fe3O4~111! surface terminated by14 ML Fetet1 atoms is depicted, which is also formed in thea region. Theb andg regions expose hexagona
close-packed layers of octahedrally coordinated Fe atoms located over an O1 layer, resulting in surface structures FeO~111! in nature. The
dark circles on the right indicate the minimum electron density of states located over the O1 atoms in the second layer, because the dang
bonds of the octahedrally coordinated Fe atoms are oriented ‘‘tangential’’ to the O1 atoms.
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and located in lateral registry with the protrusions of t
surrounding regular Fe3O4~111! surface. Therefore, we as
sign them to the same layer of Fetet1 atoms, although the
profile line A in Fig. 5 reveals thea region to be located
;0.6 Å deeper than the regular Fe3O4~111! surface. This can
also be seen in Fig. 5~a! where the entire superstructure i
land looks somewhat deepened into the surround
Fe3O4~111! surface, from which it is separated by a da
periphery about 10 Å wide. The apparent height differen
presumably is caused by a different electron density of st
on the superstructure surface region when compared to
surrounding regular Fe3O4~111! surface.
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FIG. 6. ~a! 1753175 Å2 image showing a bi-
phase superstructure and a profile line along
white line in the image~below!. The biphase su-
perstructures are located 2.5 Å lower than t
regular Fe3O4~111! surface visible in the lower
part of the image, and they are slightly rotate
against the regular Fe3O4~111! surface lattice.
Like in Fig. 4 three distinct regionsa* , b* , and
g* are indicated.Ut50.2 V, I t50.5 nA. ~b! 70
370 Å2 image showing hexagonal lattices o
protrusions with 3 Å periodicities in theb* and
g* regions, whereas no features are visible in t
a* region. In theb* region 1

4 ML of protrusions
are missing, leading to a 6-Å surface unit cell.~d!
Schematic models for the surface structures in
b* andg* regions. The gray triangles in theb*
region indicate the depressions observed in~b!.
3
4 ML of Feoct1 atoms are exposed over an O2

layer underneath, resulting in an Fe3O4~111! sur-
face termination. In theg* region a close-packed
Fe layer is exposed over an O2 layer underneath,
resulting in a Fe3O4~111! surface terminated by a
FeO~111! bilayer. Ut50.2 V, I t50.4 nA.
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For the interpretation of the STM features within theb
andg regions we refer to the Fetet1 atom layer within thea
regions. As can be seen in Fig. 5~c! the b and g regions
exhibit similar structures, imaged as depressions with a 3 Å
periodicity and much smaller corrugation amplitudes th
those observed in thea regions. Theb and g regions are
separated by a narrow darker region in between, which c
not be assigned to an antiphase domain boundary since
depressions within both regions are in lateral registry. Th
form well ordered structures with a 3 Å unit cell in theb
region, whereas a 6 Å unit cell is formed in theg region
because of an additional corrugation modulation. These
cells are indicated in Fig. 5~c!. In the profile linesA and B
the corrugation maxima within theb and g regions appear
about 0.4 Å higher than the protrusions in thea region.
Therefore, we assign them to a surface terminated by a
agonal close-packed layer of Feoct2 atoms located in threefold
hollow sites on top of the O1 layer. In a truncated bulk mode
without relaxations the Feoct2* layer would be located 0.6 Å
higher than the Fetet1 layer, which compares reasonably wi
the measured height difference of 0.4 Å. The stacking
quence of this termination can be described
Feoct2*2O12Feoct12O22Fetet2..., where the asteric indicate
that the topmost Feoct2* layer contains 1-ML Fe atoms in
contrast to 3

4 ML in bulk Fe3O4. This termination corre-
sponds to a surface structure FeO~111! in nature, where the
O1 plane is located between two octahedrally coordinated
layers.

Figure 5~d! schematically depicts the proposed mod
with the regular Fe3O4~111! surface structure in the lowe
part and the three superstructure regions in the upper
They all expose Fe atoms located over the same O1 layer.
Because of their octahedral coordination each Fe atom in
n
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b andg regions has three dangling bonds, which are orien
tangential to the oxygen atoms underneath in a top vi
This produces a honeycomb lattice with a minimum elect
density of states located in the hollow sites of the clo
packed Fe lattice, that is on top of the oxygen atoms und
neath. The minimum electron density of states is depic
schematically by the black circles in the right part of Fi
5~d!. Therefore, we assign the depressions in the STM
ages to oxygen atom positions in the O1 layer. The pair of
arrows on the left-hand side in the line profileC mark two
depressions, the pair of arrows on the right-hand side w
laterally shifted by an integer number of lattice spacin
until they were located over thea region. It can be seen tha
the protrusions attributed to Fetet1 atoms are between two
depressions located at oxygen atom positions, as expe
for the model depicted in Fig. 5~d!. The additional modula-
tion in theg region creating the 6 Å unit cell must be due
a somewhat different surface layer relaxation if compared
regionb exhibiting the 3 Å unit cell.

Structure 2

The upper part of Fig. 6~a! depicts a similar superstructur
as observed in Fig. 5. It forms a large unit cell with a latti
constant of 45 Å, which is slightly rotated against the regu
Fe3O4~111! surface lattice visible in the lower part of th
image. Again, three distinct regions labeleda* , b* , andg*
can be distinguished within each superstructure cell. H
no protrusions are observed within thea* regions. Theb*
andg* regions exhibit hexagonal lattices of protrusions w
a 3 Å periodicity, which are aligned to the regula
Fe3O4~111! surface lattice. In theb* region missing protru-
sions create triangular shaped depressions forming a 6 Åunit
cell as resolved in Fig. 6~b!, whereas theg* region exhibits a
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FIG. 7. ~a! 2003200 Å2 image showing a variety of long-range structures that do not form ordered superstructures. They are loc
about the same level as the regular Fe3O4~111! surface.Ut50.3 V, I t50.4 nA. ~b! 65365 Å2 image showing hexagonal lattices of protr
sions with a 3 Åperiodicity. The lateral positions of the protrusions are in registry with threefold hollow sites of the Fetet1 atom positions on
the regular Fe3O4~111! surface. They are attributed the oxygen atom positions of a Fe3O4~111! surface terminated by an O1 layer. Ut

50.3 V, I t50.4 nA.
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close-packed lattice of protrusions with a 3 Åperiodicity. As
can be seen in the profile line in Fig. 6 these two regions
located on the same height, which is about 2.5 Å lower th
the regular Fe3O4~111! regions. This height difference corre
sponds to the spacing between consecutive oxygen~111! lay-
ers within the Fe3O4 bulk structure. Therefore, we propos
these regions to be terminated by Fe atoms located ove
O2 layer ~see Fig. 1!. As depicted schematically in Fig. 6~c!,
a close-packed layer of octahedrally coordinated Feoct1
atoms is exposed in theg* region. This termination
is described by the layer sequen
Feoct1*2O22Fetet22Feoct22Fetet12O12..., which corre-
sponds to an FeO~111! bilayer located on top of a
Fe3O4~111! surface terminated by a Fetet2 layer. Theb* re-
gion is terminated by34 ML of Feoct1 atoms, which create the
hexagonal lattice of depressions with a 6-Å periodicity
indicated by the triangles in Fig. 5~c!. This corresponds to an
unreconstructed bulk termination of Fe3O4~111!.

Structure 3

Figure 7~a! shows a STM image where mostly triangula
shaped regions separated by narrow dark boundary lines
be seen. The regular Fe3O4~111! surface is visible in uppe
right and lower left of the image. Here, the long-range mo
lations form no ordered superstructure. The high-resolu
image in Fig. 7~b! exhibits a hexagonal lattice of protrusion
with a 3 Å periodicity. They are located on about the sam
level as the regular Fe3O4~111! surface, and therefore, w
attribute them to be based on the O1 layer. The protrusion
amplitudes are modulated and form a unit cell with a latt
constant of 6 Å. Their lateral positions are in registry w
threefold hollow sites of the Fetet1 atom positions on the
regular Fe3O4~111! surface. This lateral position correspon
either to an Oa atom position or to a hollow site over thre
Ob atoms~see Fig. 1!. Therefore, we attribute these protr
sions to the topmost layer oxygen atoms of a Fe3O4~111!
surface terminated by an O1 layer.

As outlined in the introduction similar biphase structur
with FeO~111! surface domains were observed on natu
a-Fe2O3~0001! and Fe3O4~111! single crystal samples.8,9 On
re
n

an
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an

-
n

e

e

l

Fe3O4~111! the same termination exposing34-ML Feoct1 at-
oms over an O2 layer was observed, and similar models we
proposed for FeO~111! surface domains exposing clos
packed iron or oxygen layers. In the single-crystal expe
ments the FeO~111! surface domains were formed because
the reducing preparation conditions for the respective ox
phases, caused by the low-oxygen partial pressures app
Here, the biphase structures on the epitaxial Fe3O4~111!
films were formed in 1026 mbar oxygen pressure atT
5870 K. According to the iron-oxygen bulk phase diagra
Fe3O4 magnetite is the thermodynamically stable phase
der these conditions.18 The FeO surface domains might b
formed because of the slow kinetics of the oxidation of Fe
FeO and Fe3O4 during the preparation procedure. This e
plains why these regions disappear at higher oxidation t
peratures of 1000 K, when only the regular Fe3O4~111! sur-
face remains which is the most stable structure. It
interesting to note that Thorntonet al.have observed region
on the Fe3O4~111! single crystals that looked identical to th
STM images of the regular Fe3O4~111! surface regions pre
sented here.8 These regions increased in size with increas
annealing temperature, which also suggests this structur
be the most stable one.

In the course of the experiments it turned out that
regular Fe3O4~111! surface is very reactive towards adsor
tion. After some hours under UHV condition the bright fe
tures in Fig. 8 are observed. They create corrugation max
about 2 Å high, which are located on threefold hollow site
~arrow 3! and on top sites~arrow 2! of the underlying hex-
agonal lattice of protrusions. The appearance of these ad
bate features strongly depends on the bias voltage. They
not visible at negative voltages and at positive voltages
low 0.3 V, at higher positive voltages they become visible
bright protrusion features. These corrugation changes w
reproducible when the bias voltage was changed du
scanning, which excludes tip changes as a reason. The
sorbate coverage in Fig. 8 corresponds to about 3% of a
referred to the atom density in the close-packed oxyg
~111! layers of Fe3O4. Since no elements other than Fe a
O are detected with AES, these features must correspon
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adsorbed water, OH, or H species. We never observed ad
bate features on the biphase superstructure regions, w
indicates a very different surface chemistry for these ter
nations. The nature of these adsorbate species is curre
under investigation.

IV. SUMMARY

The atomic surface structures and defects formed on
taxial Fe3O4~111! films were investigated with STM and

FIG. 8. 1253125 Å2 image of the regular Fe3O4~111! surface
covered by adsorbate species, which appear as bright features
these tunneling conditions.Ut51.3 V, I t51.0 nA. Arrow 1
marks a surface Fetet1 vacany, arrow 2 and 3 adsorbate species
top and threefold hollow site, respectively.
s
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LEED. For oxidation temperatures of 1000 K one stable s
face termination is formed. A previous LEED intensi
analysis performed for this regular Fe3O4~111! surface struc-
ture suggests the protrusions measured in atomic resolu
STM images to correspond to the Fe atom positions in
topmost surface layer. This assignment agrees with the e
tron density of states obtained fromab initio spin-density-
functional theory calculations performed for this surface t
mination, where Fe3d derived states of the surface Fe atom
dominate close above and below the Fermi level. The do
nant type of surface point defects appear as a missing
trusion and therefore are attributed to iron vacancies in
surface layer, which was corroborated by simulation of va
ous kinds of surface vacancy defects with dynamical LE
calculations.

For lower oxidation temperatures of 870 K domains w
several additional surface structures are formed. They co
about 5% of the film surfaces and expose3

4-ML Fe atoms as
well as close-packed iron and oxygen layers, which cor
spond to surface terminations that are Fe3O4~111! and
FeO~111! in nature, respectively. These domains are
ranged periodically and form long-range superstructures,
sulting in the biphase ordering phenomenom observed pr
ously on Fe3O4~111! single-crystal samples.
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